We have fabricated electrically programmable memory devices with thermally and dimensionally stable poly (N-(N ,N -diphenyl-N -1,4-phenyl)-N, N-4,4 -diphenylene hexafluoroisopropylidene-diphthalimide) (6F-2TPA PI) films and investigated their switching characteristics and reliability. 6F-2TPA PI films were found to reveal a conductivity of 1.0 × 10 −13 -1.0 × 10 −14 S cm −1 . The 6F-2TPA PI films exhibit versatile memory characteristics that depend on the film thickness. All the PI films are initially present in the OFF state. The PI films with a thickness of >15 to <100 nm exhibit excellent write-once-read-many-times (WORM) (i.e. fuse-type) memory characteristics with and without polarity depending on the thickness. The WORM memory devices are electrically stable, even in air ambient, for a very long time. The devices' ON/OFF current ratio is high, up to 10 10 . Therefore, these WORM memory devices can provide an efficient, low-cost means of permanent data storage. On the other hand, the 100 nm thick PI films exhibit excellent dynamic random access memory (DRAM) characteristics with polarity. The ON/OFF current ratio of the DRAM devices is as high as 10 11 . The observed electrical switching behaviors were found to be governed by trap-limited space-charge-limited conduction and local filament formation and further dependent on the differences between the highest occupied molecular orbital and the lowest unoccupied molecular orbital energy levels of the PI film and the work functions of the top and bottom electrodes as well as the PI film thickness. In summary, the excellent memory properties of 6F-2TPA PI make it a promising candidate material for the low-cost mass production of high density and very stable digital nonvolatile WORM and volatile DRAM memory devices.
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silicon-and metal-oxide-based memory materials in that their dimensions can easily be miniaturized and their properties can easily be tailored during chemical synthesis [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . In recent years, the use of organic and polymeric materials in memory devices has indeed attracted significant attention [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . However, organic materials are susceptible to damage during the processing involved in the fabrication of memory devices because of their low boiling points and low chemical resistance, and they also require more elaborate and expensive processing such as vacuum evaporation and deposition [1] [2] [3] [4] .
In contrast, polymer materials exhibit easy processability, flexibility, high mechanical strength and good scalability. Further, they can be processed at low cost, and with their use the three-dimensional (3D) multi-stack layer structures required for high density memory devices can easily be fabricated. As a result, significant research effort is currently being invested in the development of polymer switching materials with properties and processability that meet the requirements of memory devices.
Several studies have reported such polymer materials [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . However, most of these polymers have aliphatic hydrocarbon backbones that exhibit low-dimensional stability [5] [6] [7] [8] , high ON and OFF switching voltages [7, 8] and high OFF currents [7, 8] . Thus the development of highly stable memory devices based on dimensionally and thermally stable polymers remains in the exploration stage.
Aromatic polyimides (PIs) have been well known to have excellent thermal stability, dimensional stability, mechanical properties, optical transparency, adhesion and chemical resistance [16] [17] [18] . Furthermore, they can be easily fabricated as films by conventional, simple spin-, bar-, roll-or dip-coating processing of their solutions in organic solvents [16] [17] [18] . Because of the advantageous properties and excellent processability, aromatic PIs are widely used as interdielectric layers and flexible carriers in microelectronic devices [16] and liquid crystal (LC) alignment layers in LC flat-panel display devices [17, 18] .
In this study, we report the fabrication of high performance programmable memory devices based on thin films of a thermally dimensionally stable polyimide (PI), poly(N-(N ,N -diphenyl-N -1,4-phenyl)-N,N-4,4 -diphenylene hexafluoroisopropylidene-diphthalimide) (6F-2TPA PI) (figure 1). This PI is easily processed with conventional solution spin-, roll-or dip-coating and subsequent drying. The electrodes in the devices were prepared by evaporation. These devices exhibit excellent write-once-read-manytimes memory (WORM) and dynamic random access memory (DRAM) characteristics with a high ON/OFF ratio, and can be fabricated in three-dimensional arrays that provide very high density storage. Furthermore, the 6F-2TPA PI has high thermal and dimensional stability and can thus be hybridized with a complementary metal-oxide-semiconductor platform.
Experimental details
6F-2TPA PI was prepared from 2,2 -bis-(3,4-dicarboxyphenyl) hexafluoropropane dianhydride (6F) and N-(N ,N -diphenyl-N -1,4-phenyl)-N, N-4,4 -diphenylene diamine (2TPA) according to a previously reported synthetic method [19] . For the fabrication of memory devices, homogeneous 6F-2TPA solutions (0.5-4.0 wt%) were prepared in cyclopentanone and then filtered using polytetrafluoroethylene-membrane-based (PTFE) microfilters with a pore size of 0.45 μm. Singleactive-layer memory devices were then fabricated as follows. The polymer solutions were spun onto precleaned silicon wafers deposited with an Au or Al layer (with a thickness of 300 nm) by electron-beam sputtering; a spin-coating process of 2000 rpm/40 s was employed. The spun films were dried in vacuum on a hot plate at 80
• C for 5 h. The thicknesses of the resulting films were determined using a spectroscopic ellipsometer (model VASE, Woollam). The Al and Au electrodes were deposited onto the polymer films (coated on the substrates) at a pressure below 10 −7 Torr by means of thermal evaporation. The top metal electrodes were determined to have a thickness of 300 nm, with sizes between 0.5 × 0.5 mm 2 and 2.0 × 2.0 mm 2 . All electrical experiments were conducted in air ambient, without any device encapsulation. The I -V measurements and electrical-stress tests were carried out with forward and reverse voltage scans between −4.0 V (or −8.0 V) and +4.0 V (or +8.0 V) at a scan rate of 500 mV s −1 using a Keithley 4200-SCS semiconductor parameter analyzer. In addition, the electrical DC conductivities of the films were measured using a four-point probe or a two-point probe connected to the Keithley semiconductor parameter analyzer. Surface roughness and morphology were examined with an atomic force microscope (Multimode AFM Nanoscope IIIa, Digital Instruments).
Results and discussion
The 6F-2TPA PI ( figure 1(a) ) was found to be thermally stable up to 550
• C in air and nitrogen atmospheres. 6F-2TPA PI films were coated onto gold (Au) and aluminum (Al) substrates and examined with atomic force microscopy (AFM), and found to have root-mean-square (rms) surface roughnesses of 1.56 nm on Au and 2.43 nm on Al over an area of 1.0 × 1.0 μm 2 (data not shown). These values show that the bottom electrodes have smooth surfaces. We also examined 74 nm thick 6F-2TPA PI films coated onto Au and Al electrodes with AFM. The AFM analysis confirmed that simple and conventional spin-coating of the 6F-2TPA PI yields excellent quality nanoscale thin films. The rms roughness values of the PI thin film surfaces were found to be 0.34 nm for the Au electrode and 0.31 nm for the Al electrode, i.e. the PI films coated onto the metal electrodes have smooth surfaces. In addition, the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) energy levels of the 6F-2TPA PI were determined. The HOMO and LUMO levels of the 6F-2TPA PI were found to be −5.10 eV and −1.88 eV, respectively, by using ultraviolet-visible spectroscopy and cyclic voltammetry. Figure 2 shows typical current-voltage (I -V ) characteristics of Au/6F-2TPA PI (74 nm thick)/Al sandwich devices (figure 1(b)), which were measured with a compliance current set of 0.1 A. As can be seen in figure 2(a), the as-fabricated 6F-2TPA PI film initially exhibits a low-conductivity state (the OFF state). During the negative voltage sweep up to approx. −1.8 V, the device is not switched to a high-conductivity state (the ON state). However, when the applied voltage was increased further, a sharp increase in the current was observed, indicating that the device undergoes an electrical transition from the OFF state to the ON state. In a memory device, this OFF-to-ON-state transition can function as a 'writing' process. Once the device has reached its ON state, it remains there, even after the power is turned off, and furthermore cannot be returned to the OFF state by applying an opposite bias or even by applying negative and positive voltages with various compliance current sets. Similar electrically bistable switching characteristics were observed when a positive bias was applied. The electrical transition voltage was found to be 2.1 V ( figure 2(b) ). Overall, this device exhibits excellent WORM memory behavior. Once the device is switched to the ON state by applying a positive voltage pulse (1.0 V), the ON state is retained without any degradation for more than 10 h.
To understand the observed memory characteristics, we considered the HOMO and LUMO levels of the 6F-2TPA PI and the work functions ( ) of the Al top and Au bottom electrodes:
is −5.1 eV for Au and −4.2 eV for Al. In the Au/6F-2TPA PI/Al devices, the energy barrier between the work function of the Au bottom electrode and the HOMO level of the active 6F-2TPA PI layer is zero, which is much smaller than that (2.32 eV) between the LUMO level of the active 6F-2TPA PI layer and the work function of the Al top electrode. Thus hole injection from the Au bottom electrode into the HOMO level of the 6F-2TPA PI layer is much more favorable than electron injection from the Al top electrode into the LUMO level of the 6F-2TPA PI layer, and hole injection dominates the conduction process in the devices. Furthermore, current flow under a negative bias is more favorable than that under a positive bias.
The measured I -V characteristics of the devices were further analyzed in detail with various conduction models in order to understand their electrical switching characteristics [20] [21] [22] [23] [24] . The trap-limited space-charge-limited conduction (SCLC) model was found to satisfactorily fit the I -V data for the OFF state. As shown in figure 4(a) , the logarithmic plot of the I -V data for the OFF state contains two linear regions for <0.43 V and 0.43 V, with slopes of 1.0 and 3.0, respectively. These results indicate that a trap-limited SCLC mechanism is dominant when the device is in the OFF state. The ohmic contact model was found to satisfactorily fit the I -V data for the ON state. As can be seen in figure 4(b) , the logarithmic plot of the I -V data for the ON state contains a linear region with a slope of 1.0, indicating that ohmic conduction is dominant when the device is in the ON state. Moreover, the current level of our devices in the ON state was found not to be dependent on the device cell size, which is indicative of heterogeneously local filament formation.
The above results suggest that the excellent WORM memory behavior of the 6F-2TPA PI films is governed by traplimited SCLC and local filament formation. The trapping sites might arise because of the chemical composition of the 6F-2TPA PI chain, which contains a 2TPA unit, a trifluoromethyl group and two imide rings per repeat unit of the backbone.
In the PI chain, the 2TPA units are electron donors and thus can act as nucleophilic sites, whereas the trifluoromethyl groups and the imide rings are electron acceptors and can act as electrophilic sites. Thus all these groups could act as charge-trapping sites, depending on their associations. As discussed above, for the 6F-2TPA PI the energy barrier for hole injection is lower than that for electron injection, so the conduction process in the 6F-2TPA PI device is dominated by hole injection. Thus the 2TPA units might act as hole-trapping sites, which would explain the observed WORM memory behavior of the 6F-2TPA PI-based devices. The 2TPA units in the 6F-2TPA PI film are enriched with holes when a bias is applied. At the same time, the trifluoromethyl groups and imide rings in the PI film are enriched with electrons. When the applied bias reaches the threshold voltage, the trapped charges are able to move through the trapped sites by means of a hopping process (i.e. through filament formation), which results in current flow between the bottom and top electrodes.
Taking into consideration the above excellent memory characteristics, we fabricated devices with 6F-2TPA PI films of various thicknesses (15, 34, 100 and 150 nm) and investigated their memory performance. We found that the 15 nm thick 6F-2TPA PI films always exhibit high conductivity (i.e. the ON state) in positive and negative voltage sweeps for a compliance current window of 1.0 × 10 −4 -1.0 × 10 −1 A, which are the limits of the semiconductor analyzer used in our study. Representative I -V results for the 15 nm thick films are shown in figure 5 . As observed for the 15 nm thick films, the 34 nm thick films exhibit high conductivity (i.e. the ON state) in negative voltage sweeps ( figure 5(a) ), with no electrical switching behavior. However, as observed for the 74 nm thick 6F-2TPA PI films, the 34 nm thick films do exhibit WORM memory characteristics in positive voltage sweeps ( figure 5(b) ). The switching-on voltage was found to be 1.1 V during the positive voltage sweep. This switching threshold voltage is lower than that (2.1 V) of the 74 nm thick 6F-2TPA PI films. These results suggest that in these devices thinner 6F-2TPA PI films have lower switching threshold voltages. In contrast, the 100 nm thick 6F-2TPA PI films exhibit switching characteristics during the negative voltage sweeps ( figure 5(a) ) but always exhibit low conductivity (i.e. the OFF state) during positive voltage sweeps ( figure 5(b) ). Furthermore, the 150 nm thick 6F-2TPA PI films only exhibit low conductivity in positive and negative sweeps, with no electrical switching behavior ( figure 5 ).
In particular, the electrical switching behavior observed during the negative voltage sweeps of the 100 nm thick films was found to be quite different from the WORM memory characteristics observed for the 34 and 74 nm thick films. Figure 6 shows typical I -V characteristics of the 100 nm thick films with Au top and Al bottom electrodes, which were measured in a dual sweep mode with negative bias (0 V → −4.0 V → 0 V). Initially, the device is in the OFF state. In this OFF state, the current level is quite low (of the order of 10 −14 -10 −9 A). In the first dual sweep (see the first sweep in figure 6 ), there is an abrupt increase in the current (from 10 −11 to 10 −1 A) at −3.3 V (which corresponds to the switching threshold voltage), which indicates that the film undergoes an electrical transition from the OFF state to the ON state. This electrical transition can serve as the 'writing' process in a memory device. When a reverse voltage sweep is applied, the film is reset to the initial low-conductivity state (i.e. the OFF state), which can serve as the 'erasing' process in the memory device. The erased state can be again written to the stored state when the switching threshold voltage is applied (see the second sweep in figure 6 ), indicating that the memory device is rewritable. The third sweep was carried out after turning off the power for about 2-5 s. It was found that the ON state had relaxed to the steady OFF state. However, the film can be further programed to the ON state. The short retention time of the ON state indicates that the memory device is volatile. The above processes can be repeated many times for every cell (figure 6). Overall, the 100 nm thick films exhibit interesting and unique dynamic random access memory (DRAM) characteristics during negative voltage sweeps. The above I -V results confirm that the 6F-2TPA PIbased devices exhibit excellent WORM and DRAM memory characteristics as well as polarity-dependent turn-on behaviors when the thicknesses of the active polymer layers in the devices are varied.
These extreme thickness-dependent I -V results can be understood by considering the HOMO and LUMO levels and thicknesses of the 6F-2TPA PI film, the work functions of the top and bottom electrodes, and the switching mechanism discussed above. The 15 nm thick films are too thin and so allow high conductance ohmic current flow (i.e. short circuit current flow) under both positive and negative bias, which overrides the energy barrier levels between the film and the electrodes. The properties of the 34 nm thick films are somewhat different: during a negative voltage sweep short circuit current flow is still possible due to the zero energy barrier between the Au bottom electrode and the film. However, such short circuit current flow is prevented during the positive voltage sweep by the relatively high energy barrier (2.32 eV) between the film and the Al bottom electrode, which results in WORM memory characteristics based on the traplimited SCLC and local filament formation. In contrast, the 74 and 100 nm thick films appear to be sufficiently thick to completely prevent short circuit current flow under both positive and negative biases, even though the energy barrier between the Au top electrode and the film is zero, because 6F-2TPA PI is more like an insulator than a conductor; the 6F-2TPA PI films' conductivity was measured to range between 1.0 × 10 −13 -1.0 × 10 −14 S cm −1 . The above results indicate that the 74 nm thick films are likely to exhibit WORM memory characteristics during both the positive and negative voltage sweeps that are governed by trap-limited SCLC and stable local filament formation. However, the 100 nm thick films are slightly too thick to exhibit WORM memory behavior. Moreover, local filament formation during the positive voltage sweep appears to be completely prevented because of the relatively high energy barrier between the film and the electrode, which means that there is no electrical switching behavior. On the other hand, from the zero energy barrier between the Au top electrode and the film it is expected that electrical switching behavior occurs during the negative voltage sweep. However, these films are too thick to exhibit stable local filament formation, i.e., only unstable local filaments form in the films. Thus, the 100 nm thick films exhibit only DRAM memory behavior rather than WORM memory behavior. The 150 nm thick films are too thick to allow local filament formation during either the positive or negative voltage sweeps, and so exhibit no electrical switching behavior at all. In addition, we fabricated devices with 74 nm thick 6F-2TPA PI films and various top-bottom electrode pairs (Al-Al, Au-Au and Al-Au) and investigated their electrical performance. The measured I -V characteristics are presented in figure 7 . As can be seen in this figure, all the devices exhibit WORM memory behavior, regardless of which topbottom electrode pair was used or the voltage sweep direction. Only the switching-on voltage and the ON state current level vary with the top-bottom electrode pair and the voltage sweep direction; these variations are attributed to the relationships between the work functions of the electrodes and the HOMO and LUMO levels of the 6F-2TPA PI.
Conclusion
We have fabricated electrically programmable memory devices with thermally and dimensionally stable 6F-2TPA PI films and investigated their switching characteristics and reliability. The 6F-2TPA PI films exhibit versatile memory characteristics that depend on the film thickness. All the PI films are initially present in the OFF state. The PI films with thicknesses in the range 34-74 nm exhibit excellent WORM (i.e. fuse-type) memory characteristics with and without polarity depending on the thickness. The WORM memory devices are electrically stable, even in air ambient, for a very long time. The devices' ON/OFF current ratio is high, up to 10 10 . Therefore, these WORM memory devices can provide an efficient, lowcost means of permanent data storage. On the other hand, the 100 nm thick PI films exhibit excellent DRAM memory characteristics with polarity. The ON/OFF current ratio of the DRAM devices is as high as 10 11 . These properties open up the possibility of the low-cost mass production of high density and very stable digital nonvolatile WORM and volatile DRAM memory devices.
